Introduction {#Sec1}
============

Global biodiversity is declining sharply^[@CR1]^ with the potential to impair ecosystem functioning in the near future, but the mechanisms that connect biodiversity to ecosystem function are not well understood^[@CR2]^. In diversity--function relationships, the connection between plant diversity and productivity is considered particularly important^[@CR3]^. Although the classic diversity--productivity relationship is thought to be hump-shaped, with species richness highest at intermediate levels of productivity^[@CR4]^, experimental studies have, however, mostly yielded linear positive diversity--productivity relationship^[@CR5]--[@CR9]^. In long-term experiments, the positive diversity--productivity relationships have even been observed to become stronger over time^[@CR10],[@CR11]^, reinforcing the idea that multispecies communities tend to perform better than the average monoculture.

The contribution to this so-called 'Net Biodiversity Effect' may come through a combination of niche complementarity that allows coexisting species to better exploit available resources, or simply through the dominant effects of superior performers or high-fitness species (i.e., the selection effect). Empirical evidence overwhelmingly points to the role of niche complementarity, particularly in high diversity communities, but multispecies assemblages were rarely more productive than the monoculture of the most productive species^[@CR12]^. Given enough time however, as long-term experiments show, multispecies assemblages tended to outperform monocultures of even the most productive species, indicating that the magnitude of the complementarity effect increased with time^[@CR13]^. Despite this emerging clarity on diversity--productivity relationships (DPRs), the difficulty in predicting the combinations of species that contribute to maximizing ecosystem productivity through the complementarity effect is not straightforward. It has been argued that functional diversity take these life history and trait differences into account, such as the community weighted mean (CWM), which captures the traits of the dominant species, or the diversity of trait values among species (functional trait diversity, FD) in the community, could better capture the contributions of the different species to productivity. The effects of CWM and FD for traits on productivity can be reflected by biomass ratio hypothesis (productivity are determined by the presence or absence of highly productive species) and niche complementarity hypothesis (productivity are determined by the variety and complementarity of species) respectively^[@CR13],[@CR14]^. In fact, niche complementarity invokes functional dissimilarity (FD), and it is easy to appreciate that such FDs can exploit environmental heterogeneity and contribute to greater ecosystem functioning than equal numbers of functionally redundant species^[@CR13]^.

However, extrapolating the patterns of diversity--productivity relationships found in experimentally constructed communities to natural communities might be difficult^[@CR15],[@CR16]^. That is because a common feature of experimental investigations on DPRs is that they involve the weeding out of non-study species that colonize the study plots. Consequently, any successional change within the experimental plots is not allowed in such experiments^[@CR17]^. As a result, processes such as dispersal, colonization, environmental filtering, and competition may not be represented in experimental communities in the same way they contribute to the structure of natural long-term communities^[@CR18]^.

Furthermore, the timescale is also important for affecting diversity--productivity relationships, as the evidence from some non-weeded biodiversity--functioning experiments show that diversity--biomass relationships weaken over time^[@CR17]^ due to species colonization and turnover and the progressive increase in the proportions of the few productive species. It therefore remains unclear whether a positive diversity--biomass relationship is the norm in communities that are subject to colonization events and species replacement over time.

Secondary succession may provide a useful opportunity to test diversity--productivity relationships in naturally assembled communities for the following three reasons. First, succession usually results in an increase in species richness over time^[@CR19]^, which provides a natural gradient in species richness to test its influence on productivity^[@CR20]--[@CR23]^. Second, the abiotic environment (e.g., soil nutrients and light) also varies over succession, influencing functional and species diversity^[@CR24],[@CR25]^. Thus, the relationships between species richness, FD, CWM, and productivity as a function of variation in the abiotic environment can also be quantified. Third, while we can understand how biodiversity loss decreases ecosystem functioning at the local scales at which species interact, it remains unclear how biodiversity loss affects productivity at the larger spatial and temporal scales^[@CR26]^. Testing positive diversity--productivity relationships and their underlying mechanisms in secondary succession can help unravel how positive diversity--productivity relationships change with time^[@CR13],[@CR27]^.

Here, we studied plant diversity -aboveground biomass relationships in sub-alpine meadow plant communities in the Qinghai-Tibetan Plateau. Our study site is a well-researched secondary successional chronosequence, with meadows that include sites undisturbed for at least 40 years, to those that were farmed but have now been protected from agricultural exploitation for 4-, 6-, 10-, and 13-years^[@CR19],[@CR23]^. Using this system we attempt to answer the following questions: i) whether a consistent positive relationships between species richness and productivity can be found in successional communities; and ii) the relative contributions of functional traits of dominant species, species richness and niche complementarity to productivity in naturally developed communities over time.

Materials and methods {#Sec2}
=====================

Study site {#Sec3}
----------

Our study site is the species-rich sub-alpine meadows located in the eastern part of the Qinghai-Tibetan plateau, Hezuo, China (34°55**′**N, 102°53**′**E) with mean elevation approximately 3000 m above sea level. Although the Tibetan Plateau Monsoon and Asian Monsoon^[@CR28]^ brings rain, the study region has cold and dry climate, with mean annual temperature of 2.4° C and mean annual precipitation of just 530 mm^[@CR23]^. The vegetation is dominated by herbaceous species such as *Elymus nutans* Griseb (Poaceae), *Kobresia humilis* (C.A. Mey.) Serg*.* (Cyperaceae) and *Thermopsis lanceolata* R. Br. (Fabaceae)^[@CR23]^. Human impacts include agricultural exploitation and pastoralism are the primary current land use, which in places have caused serious land degradation. In response, local governments have stopped further agricultural exploitation and constructed fences to restrict livestock grazing. These efforts gave rise to successional chronosequences, such as the ones we use in our study.

We identified a chronosequence of fields that had been undisturbed for 4-, 6-, 10-, 13-, and 40-years (the control)^[@CR19],[@CR23]^. All our sample sites, except for the control meadows, had been used for agriculture to grow highland barley in the recent past, with cessation of cultivation within the last 4--13 years. The time since last agricultural use was determined by interviews with local farmers. There are 1--10 km apart among the five meadows and all meadows possessed comparable topographic characteristics (e.g., orientation and slope), soil types and climate (Fig. [1](#Fig1){ref-type="fig"}A). This chronosequence is one of the same chronosequence in our previous work^[@CR23]^ and we have observed that species richness increased from 61 to 82 species during succession, with 50 species sharing among all five successional meadows. Species composition was similar between 4-year and 6-year meadows, with 60 species sharing between these two meadows. Similar patterns were found in late successional meadows, with 70 species shared among 10-year, 13-year and undisturbed meadows.Figure 1Location map of our study sites and our quadrat sampling design. (**A**) locations of five sites representing each of the five successional ages (4-, 6-, 10-, 13-year and undisturbed grassland), (**B**) the 30 0.5 × 0.5 m^2^ quadrats sampling design in each of the five successional meadows. The map of Fig. 1A was obtained from Google Earth online version (<https://earth.google.com/>, access on 12/10/2018). Figure labels on the map were added using Google Earth online toolkit and text labels using Windows image processing software Paint.

Field sampling {#Sec4}
--------------

The vegetation in each field was sampled in August 2013. An area of 120 × 120 m^2^ was randomly selected in each meadow. Within this area, thirty 0.5 × 0.5 m^2^ quadrats were regularly arranged in six parallel transects, with 20 m intervals between each two adjacent quadrats (detail please see Fig. [1](#Fig1){ref-type="fig"}B). To determine species richness and abundances, in each quadrat we recorded all the aboveground ramets and identified them to species.

To determine aboveground biomass, we removed all the ramets in each quadrat and took them to the laboratory, where they were oven-dried at 100℃ for 2 days and then weighed. Productivity is typically the amount of carbon fixed per unit time, not standing biomass. Here we follow methods of previous diversity--productivity studies in grasslands^[@CR29],[@CR30]^, which have used aboveground biomass as proxy for productivity.

Functional trait data collection {#Sec5}
--------------------------------

We quantified the carbon economy of leaves by measuring specific leaf area (SLA, cm^2^ g^−1^). We quantified light capture strategy via photosynthesis rate (A, u mol^−1^). We estimated resistance to abiotic stress via leaf proline content (Pro, mg/kg), seed mass (SM, g) and seed germination rate (SG, %). Importantly, the functional traits for the same species at each successional age separately if they occurred in multiple meadows were measured to ensure that successional age-related intraspecific variation was appropriately incorporated into our analyses. All functional traits were determined as described in our previous work^[@CR19],[@CR22],[@CR23]^ and the detailed procedures were given in the Supplementary Material.

Statistical methods {#Sec6}
-------------------

First, we compared variation during successional change in the proportion of total biomass for the three main functional groups of plants: forbs (dominant in early succession), legumes, and graminoids (both dominant in later succession) to check whether there are significant turnovers in the dominant plant taxa from early to late succession. Then, we used Spearman correlation analysis to quantify whether significantly positive correlations between empirical species diversity (S, numbers of species richness per square meters) and productivity (aboveground biomass per square meters, P) can be observed in each successional meadow.

For each of the five functional traits (SLA, A, Pro, Sm, and SG), we calculated two functional diversity indices: the community-weighted mean (CWM) and functional diversity (FD) represented by Rao's quadratic entropy (RaoQ).
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Then, a variance partitioning analysis was used to test the relative contributions of species richness, the CWM and FD represented by RaoQ of these five traits to productivity in each successional meadow. We also used variance partitioning to allocate changes in productivity in each successional meadow arising from four complementary components: (a) variation explained by species richness, (b) variation explained CWM of each of the five traits, (c) variation explained by FD of each of the five traits only, and (d) "unexplained variation"^[@CR31]^. Across all successional meadows, species richness, and aboveground biomass, CWM and FD of all five traits (SLA, A, Pro, SM, and SG) were strongly right-skewed, so we log-transformed species richness, and aboveground biomass, CWM and FD of all five traits to meet the assumption of normality required by variance partitioning. At each successional meadow, variance partitioning was done using the function of "varpart" in "vegan" package in R^[@CR32]^. All analyses above were performed in R (R Core Team 2019).

Results {#Sec7}
=======

Forbs accounted for the greatest relative biomass in early succession fields (4- and 6-year meadow), but decreased from 79 to 13% in our successional chronosequence (Fig. [2](#Fig2){ref-type="fig"}). In contrast, grasses accounted for most biomass in late succession (10-, 13- year and undisturbed meadows), increasing from 5% in early succession to 51% in late succession (Fig. [2](#Fig2){ref-type="fig"}). During the same period, legume species increased in relative abundance from 16 to 36% (Fig. [2](#Fig2){ref-type="fig"}). Thus, there are significant turnovers in the dominant plant taxa from early to late succession.Figure 2The respective percentages of the total biomass for the three main function group (forb, graminoid and legume species) among the 30 quadrats in each successional age.

Both early-successional (4- and 6-year meadow) and late-successional (10-, 13-year, and undisturbed) meadows showed consistently and significantly positive relationships between productivity and species richness (Fig. [3](#Fig3){ref-type="fig"}).Figure 3The relationships between empirical species diversity (S; numbers of species per square meters) and productivity (P, g per square meters)) along the successional gradient. Each point represents S and P in each of 30 0.25 m^2^ quadrats in each successional meadow.

Our variance partitioning analysis shows that CWMs for each of the five traits explained a large proportion (54--80%) of the variation in productivity during succession, whereas species richness and FDs for each of the five traits explained much less (24--48% for species richness and 0--40% for FDs for each of the five traits respectively) (Fig. [4](#Fig4){ref-type="fig"}). As a result, CWMs for each of the five traits Determine productivity over succession.Figure 4Variation in aboveground biomass along a successional gradient, partitioned into species richness (r), CWM for each of the five functional traits, FD for each of the five traits, and undetermined variation (Residuals). Traits are: specific leaf area (SLA), leaf photosynthesis rate (A), leaf proline content (Pro), seed mass (SM) and seed germination rate (SG). a + d + f + g represents variations of productivity explained by species richness (r). d + b + g + e indicates variations of productivity explained by CWM for each of the five traits. f + g + e + c showes variations in productivity explained by FD for each of the five traits.

Discussion {#Sec8}
==========

We found consistent positive relationships between plant diversity and productivity in successional grasslands with a wide range of successional community ages (4 to \> 40 years) in a sub-alpine meadow ecosystem. Our results reinforce arguments^[@CR13]^ for positive relationships between plant diversity and productivity, and also expand the findings from artificial experiments in relative short-term grasslands to naturally assembled long-term meadow plant communities.

The relationship between species richness and productivity is of enormous significance to both fundamental and applied aspects of ecology, and has been a persistent subject of interest and debate^[@CR5],[@CR29],[@CR33]^. A number of previous studies have shown that greater plant diversity can promote greater productivity^[@CR9],[@CR10],[@CR17],[@CR34]^. However, these results were derived mainly from controlled experiments in the relatively short-term (usually less than 10 years), and data from long-term experiments (greater than 10 years) or from natural ecosystems where the full range of ecological processes (e.g., colonization) occur are rare^[@CR27]^. Could the observed positive relationship between species richness and productivity from short-term experiments therefore merely reflect transient dynamics in limited experimental designs^[@CR18]^ and not the patterns that are to be found in natural old-growth communities^[@CR15],[@CR16]^? Or do they reflect more general processes that are widely applicable? Our results provide a consistent and robust picture of this important relationship in a natural ecosystem, and expand the scope of positive diversity--productivity relationships to a wider range of communities.

Our variance partitioning results showed that CWMs for the five traits (SLA, leaf proline content, photosynthesis rate, seed mass and seed germination rates) showed much higher predictive power of productivity than species richness. This indicated that functional traits of dominant species of all species as the better predictor of ecosystem properties and processes than species richness^[@CR12],[@CR35]^. In recent work we had reported that fast growing but less competitive forb species dominated communities in early succession, while slow growing but highly competitive species dominated late-successional communities^[@CR23]^. Moreover, dominant species (forb species) in early succession exhibited relatively high photosynthesis rates and leaf proline content, but showed low seed mass, seed germination rate and SLA, whereas the converse were true for dominant species (graminoid species) in late successional communities^[@CR22],[@CR23]^. In addition, these five traits demonstrated significant trait convergence during succession^[@CR19]^. Thus, CWMs but not FDs for these five traits may determine productivity during succession. Indeed, our variance partitioning results demonstrated that CWMs for these five traits explained large proportions of productivity for all successional meadows, whereas FDs for these five traits explained much less. Such a pattern has been reported at least once before, albeit for old-growth tropical forest communities. These results indicated that superior performers (dominant traits) but not complementary plant strategies play an important role in determining productivity in these successional meadows. Moreover, it was the biomass of forb and graminoid species that was highest in early and late succession, respectively. This turnover in the dominant plant taxa from early to late succession clearly points to the role of dominant traits that have the major influence on productivity too. As a result, the functional traits of dominant species (CWMs) but not species richness and niche complementarity (FDs) determined productivity in these meadow plant communities.

Although it is not possible to identify the mechanism driving the diversity--biomass relationships based on the data we have, our results appear contrary to the crucial role of 'niche complementarity' effects in productivity over time in experimentally manipulated short-term communities^[@CR2],[@CR13]^. As illustrated in Fig. [5](#Fig5){ref-type="fig"}, since new species colonization is disallowed by weeding in experimental communities, the variety and complementarity of species (FD) would tend to determine productivity^[@CR17]^. Moreover, in most cases, competitive exclusion is prevented^[@CR17],[@CR36]^, so this experimental scenario is less likely to detect the effects of the traits of dominant species on productivity. These may be the reason why 'niche complementarity' has often been found to be the key driver of the relationship between plant diversity and productivity through time in experimentally manipulated communities^[@CR13]^. When species colonization was allowed in experimental communities, trait convergence (functional similarity) appeared to emerge^[@CR37]^, signaling perhaps the exclusion of weak competitors by the arrival of species with dominant traits^[@CR38]^. Similar trait convergence has been found in naturally assembled communities where species colonization is always allowed^[@CR19],[@CR39]^. Thus, niche complementarity may determine productivity in the absence of species colonization, whereas traits of dominating species tend to assume greater importance for productivity in the presence of species colonization. Our results therefore indicate that strong positively diversity--productivity relationships in the natural sub-alpine meadow communities across time are up to superior performers in naturally developed communities where colonization occurs. These results, and the similar findings in a tropical forest, suggest that further work is needed to clearly identify the mechanisms that connect diversity to productivity, particular for communities that are influenced by the full range of assembly processes. Moreover, the influences of soil factors on diversity--productivity relations merits future investigation too.Figure 5Hypothesized influence of forbiddening and allowing species colonization on the relative importance of niche traits of dominating species in productivity.

Conclusion {#Sec9}
==========

Overall, our study brings new insights into how species richness, functional trait diversity, and functional traits of dominant species affect productivity in naturally assembled communities across time. On one hand, our results expand the scope of positive diversity--productivity relationships from artificial experiments of short duration in grasslands to natural long-term meadow communities. However, these positive relationships between species diversity and productivity were attributed to the consistent effects of the dominant traits or species in the community.
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